The distribution of electrons and holes in the CuO2 plane of the high-temperature superconducting cuprates is determined with nuclear magnetic resonance through the quadrupole splittings of 17 O and 63 Cu. Based on new data for single crystals of electron-doped Pr2−xCexCuO4(x=0, 0.05, 0.10, 0.15) as well as Nd2−xCexCuO4 (x=0, 0.13) the changes in hole contents n d of Cu 3d(x 2 − y 2 ) and np of O 2pσ orbitals are determined and they account for the stoichiometrically doped charges, similar to hole-doped La2−xSrxCuO4. It emerges that while n d + 2np = 1 in all parent materials as expected, n d and np vary substantially between different groups of materials. Doping holes increases predominantly np, but also n d . To the contrary, doping electrons predominantly decreases n d and only slightly np. However, np for the electron doped systems is higher than that in hole doped La1.85Sr0.15CuO4. Cuprates with the highest maximum Tcs appear to have a comparably low n d while, at the same time, np is very high. The rather high oxygen hole content of the Pr2CuO4 and Nd2CuO4 with the low n d seems to make them ideal candidates for hole doping to obtain the highest Tc. The high-temperature superconducting cuprates (HTSCs) emerge from insulating antiferromagnetic parent materials, the essential unit of which is the CuO 2 plane. It is formed, in first approximation, by Cu 2+ (3d 9 ) and O 2− (2p 6 ), with the half-filled Cu 3d(x 2 − y 2 ) orbital hybridized with four O 2p σ orbitals, so that a near square planar arrangement of Cu and O follows. Charge neutrality is provided by layers between CuO 2 planes, the chemistry of which can be varied widely. By changing the average charge state of the layers, e.g., by doping them, electrons are added or removed from the CuO 2 plane. These additional electrons or holes destroy the Cu-based antiferromagnetism. Above a certain doping level superconductivity can emerge with a maximum critical transition temperature T c at optimal average doping, and it decreases nearly parabolically as the doping departs from the optimal value. The highest T c 's vary widely among different materials, and it is not quite clear which material parameters affect this behavior. Therefore, the knowledge of the microscopic distribution of charges in the CuO 2 plane is of great interest for a better understanding of the doping process.
The distribution of electrons and holes in the CuO2 plane of the high-temperature superconducting cuprates is determined with nuclear magnetic resonance through the quadrupole splittings of 17 O and 63 Cu. Based on new data for single crystals of electron-doped Pr2−xCexCuO4(x=0, 0.05, 0.10, 0.15) as well as Nd2−xCexCuO4 (x=0, 0.13) the changes in hole contents n d of Cu 3d(x 2 − y 2 ) and np of O 2pσ orbitals are determined and they account for the stoichiometrically doped charges, similar to hole-doped La2−xSrxCuO4. It emerges that while n d + 2np = 1 in all parent materials as expected, n d and np vary substantially between different groups of materials. Doping holes increases predominantly np, but also n d . To the contrary, doping electrons predominantly decreases n d and only slightly np. However, np for the electron doped systems is higher than that in hole doped La1.85Sr0.15CuO4. Cuprates with the highest maximum Tcs appear to have a comparably low n d while, at the same time, np is very high. The rather high oxygen hole content of the Pr2CuO4 and Nd2CuO4 with the low n d seems to make them ideal candidates for hole doping to obtain the highest Tc. The high-temperature superconducting cuprates (HTSCs) emerge from insulating antiferromagnetic parent materials, the essential unit of which is the CuO 2 plane. It is formed, in first approximation, by Cu 2+ (3d 9 ) and O 2− (2p 6 ), with the half-filled Cu 3d(x 2 − y 2 ) orbital hybridized with four O 2p σ orbitals, so that a near square planar arrangement of Cu and O follows. Charge neutrality is provided by layers between CuO 2 planes, the chemistry of which can be varied widely. By changing the average charge state of the layers, e.g., by doping them, electrons are added or removed from the CuO 2 plane. These additional electrons or holes destroy the Cu-based antiferromagnetism. Above a certain doping level superconductivity can emerge with a maximum critical transition temperature T c at optimal average doping, and it decreases nearly parabolically as the doping departs from the optimal value. The highest T c 's vary widely among different materials, and it is not quite clear which material parameters affect this behavior. Therefore, the knowledge of the microscopic distribution of charges in the CuO 2 plane is of great interest for a better understanding of the doping process.
A local probe like nuclear magnetic resonance (NMR) can yield vital information about the doping process since a change in the hole or electron content in the Cu 3d( O into 2I lines in a high magnetic field. Their frequencies are given by ν n = ν 0 ± nν Q : the central line (n = 0) is in leading order unaffected by the quadrupole interaction that causes an angular dependent quadrupole splitting ν Q for the 2I − 1 satellite transitions (n = 1 for Cu and n = 1, 2 for O), cf. Fig. 1 .
It was reported early on from NMR experiments that the quadrupole splittings at the planar Cu and O nuclei increase approximately linearly with the doping of excess holes. [1] [2] [3] Nd 2−x Ce x CuO 4 (x=0, 0.13) single crystals. Based on these measurements and published data for the holedoped materials we develop the analysis in Ref. [14] further, such that we can quantitatively determine the hole contents of the Cu 3d(x 2 − y 2 ) and O 2p σ orbitals for all cuprates. This includes, in particular, the hole/electron distribution in the parent compounds, where we find that the inherent Cu 2+ hole is shared between Cu 3d(x 2 − y 2 ) and O 2p σ depending on the material chemistry, as suggested recently [15] . Thus, we can relate the hole content of both orbitals quantitatively to the critical temperature.
The growth of the single crystals employed the Traveling Solvent Floating Zone technique [16] . The 17 O exchange (48h in a 17 O atmosphere of about 0.7 bar at 850 ○ C) was followed by the annealing of excess O [17] . The NMR measurements were performed at magnetic fields of 7.05 T or 11.74 T, at room temperature and at 400 K for Cu NMR for the parent compound to be well above the magnetic ordering temperature. The NMR spectra were taken by either using a frequency stepped spin-echo (broad 63 Cu lines) or by adding up Fourier transform spectra (narrow 17 O lines). Population transfer double-resonance [18] was used for relating the various transitions to one another.
First, we address the 63 Cu NMR. Typical spectra as a function of electron doping are displayed in Fig. 2 , showing a well-resolved quadrupole splitting in the parent compound, which decreases and is smeared out upon doping. The splitting in the parent compound (top left) is about 12.2(1) MHz with B 0 along the crystal c-axis. This is similar to what has been reported for the related compound Nd 2 CuO 4 , earlier [4, 19, 20] . A linewidth of about 1.2(1) MHz for all transitions, as expected for dominating magnetic inhomogeneity that affects all transitions equally, is also similar to what has been reported previously for the paramagnetic phase (above T N ) [21] . The quadrupole splitting decreases approximately linearly with doping, while the sattelites broaden rapidly already at low doping. The central transition width, in contrast, decreases. This means that the character of the inhomogeneity changes from magnetic to quadrupolar with doping since a distribution of EFGs does not affect the central line (n = 0). The rather narrow central resonance with a broad background near optimal doping has been reported previously [4, 5, 7, 9, 10, 12] and was attributed to charge disorder. In a recent, extensive investigation [13] some of us confirmed that this background is indeed due to broadened satellites with an average splitting of 63 ν Q ≈ 0 MHz, but with an EFG that remains nearly symmetric, which is in accord with what we report here.
Next, we address the 17 O NMR. Orientation dependent studies, relaxation measurements and double resonance experiments were employed (not shown) to disentangle the various (up to 15) transitions and assure the assignment of the lines to planar and inter-layer oxygen. Note, the apical oxygen site above or below planar Cu present in all hole doped systems is vacant in these electron doped, so-called T'-structures [22] where inter- The planar Cu [13] and O splittings show that the doped electrons enter predominantly the 3d(x 2 − y 2 ) orbital, as one might have expected. However, the rather large, doping-independent planar O splittings in Pr 2−x Ce x CuO 4 (and Nd 2−x Ce x CuO 4 , spectra not shown) raise the question whether they reflect a large hole content or if they are due to other effects. It appears unlikely that the EFG is due to background charges that accidentally have a rather large influence only in these systems. In addition, the fact that the planar O splittings are hardly affected by the strong Cu inhomogeneity and the proximity of an increasing number of doped ions also indicates that the background plays no role.
In order to shed light on this issue, we present in Fig. 3 literature data for the quadrupole splittings of Cu and planar O for various parent materials of hole and electron doped systems (where data were available). In the inset we plot the splittings vs. the in-plane Cu-O distance. The Cu splitting decreases linearly with distance, while that for planar O increases linearly, as well. Hence, 63 ν Q must be a linear function of 17 ν Q , and this is plotted in the main panel. While the dashed lines in the inset are just guides to the eye, the blue solid line in the main panel follows from a known model calculation [14] that we discuss now.
In this model, atomic spectroscopy data for the electric hyperfine interaction of isolated ions are used to estimate the doping dependent EFGs as being due the hole content of the Cu 3d(x 2 − y 2 ) (n d ), and the O 2p σ (n p ) orbitals. Basically without adjustable parameters this model reproduced the average number of doped holes x = n d +2n p −1 per CuO 2 of La 2−x Sr x CuO 4 . It was found that mostly n p increases with increasing x. In this model, the splittings, 63 ν Q,c (with the magnetic field along the crystal c-axis) and 17 ν Q,σ (with the magnetic field along the 2p σ bond) are given by,
The first term on the r.h.s. of either equation relates to the hole content in bonding orbitals for Cu and O. The second term for 63 ν Q,c reflects the effect of Cu 4p occupation arising from overlap with O 2p σ (of the 4 surrounding planar O), characterized by the constant β 2 ≈ 0.4. Note that charges in O 3s and Cu 4s do not contribute to the EFG. The material specific constants 63 C c and 17 C σ were introduced to account for the differences in the splittings for different parent compounds.
Recently, some of us applied this model to an electron doped system for the first time (Pr 1.85 Ce 0.15 CuO 4 ). It was found that almost all doped electrons enter the Cu 3d(x 2 − y 2 ) orbital, which results in a decrease of n d by 0.13 at x = 0.15. This is the reason for the almost vanishing Cu quadrupole splitting discussed above [13] .
We now extend the model [14] to various parent materials, i.e., we inquire about the meaning of the constants 63 C c and 17 C σ . For the undoped parent material we must have x = 0, which requires n d + 2n p = 1. This constraint together with (1) leads to the linear equation,
with the additive constant defined by,
The (blue) solid line in Fig. 3 has the slope given by (2), a strong indication that the model describing the various parent compounds by varying n d and n p with material-independent 63 C c and 17 C σ is appropriate. In order to determine the absolute hole contents we need to determine these constants that are not uniquely defined by (3) and 63 ν 0 Q,c = 75.3 MHz, the intersect in Fig. 3 . First, we discuss 17 C σ . Here, it is well-known that the anisotropy of the oxygen EFG is not zero, which demands that there is a contribution other than that from a 2p σ hole. In a recent publication, it was shown by analyzing all available literature data that the anisotropy of the oxygen EFG is rather similar for all cuprates (with slight differences for two different groups) [15] . This includes the electron doped systems investigated here. This anisotropy (0.24 MHz) gives a lower bound for 17 C σ . On the other hand, it was also shown that the maximum critical temperature (T c,max ) of different hole-doped cuprates is a linear function of the oxygen splitting and that T c,max = 0 follows for a splitting of 0.5 MHz [15] , which must represent an upper bound, i.e., 0.5 MHz > 17 C σ > 0.24 MHz. Next, we note that one expects 63 C c to be negligibly small [23] , and since 63 C c = 0 demands 17 C σ = 0.39 MHz, a value that is in the range mentioned above, we use this pair of constants ( 63 C c =0 MHz and 17 C σ = 0.39MHz, blue cross in Fig. 3 ) for simplicity. We indicate where appropriate what a different choice will mean for the absolute hole content. Thus, we can use (1) to determine n d and n p , as well as the planar doping n d + 2n p − 1 for the doped systems.
In Fig. 4 we show the extracted doping-dependent hole densities for Pr 2−x Ce x CuO 4 and La 2−x Sr x CuO 4 where the doping (x) is known precisely from the stoichiometry. (The solid arrows indicate the shifts of the absolute hole contents for a somewhat larger 17 C σ = 0.49 MHz.) Note that the solid line representing the overall planar hole density has no adjustable parameters, and its good agreement with the data further supports the validity the model.
We conclude that at least for the systems shown, it is a very good approximation to determine the number of Cu and O holes just from the apparent quadrupole splittings. Contributions to the EFGs from the lattice must play a In blue we mark the maximum critical temperature (Tc,max), data points and lines corresponding to optimal doping. The grey line corresponds to the undoped case with 1 hole per CuO2. Dashed arrows are guides to the eye indicating changes due to an increase in doping. Data for hole-doped compounds are from [15] .
minor role, as suggested earlier [23] . Thus, in the parent materials the Cu 2+ hole is shared between the 3d(x 2 −y 2 ) and 2p σ orbitals, n d + 2n p = 1, with n d and n p depending on the material. Doping x changes n d and n p further, such that n d +2n p = 1+x. In particular, we conclude that the planar O in the electron doped materials has a rather high hole content that exceeds that in La 1.85 Sr 0.15 CuO 4 .
Qualitatively, the higher oxygen hole content in the parent compounds for electron doped cuprates compared to that for hole doped cuprates was predicted a long time ago [24, 25] . According to these works the hybridization between the Cu 3d electron and O 2p electron is stronger in electron cuprates because of the smaller charge transfer gap. The charge transfer gaps are different in these two families because of different Madelung potentials due to different configurations of apical oxygens. In spite of the same qualitative trend, the value of the effect reported in the present work is 4-5 times larger than the prediction [25] .
Clearly, with such a quantitative model at hand, one is tempted to interpret all planar Cu and O splittings in terms of hole and electron content of the 3d(x 2 − y 2 ) and 2p σ orbitals, even if data for the corresponding parent materials are not available. We therefore have converted literature data gathered in a recent publication [15] according to the model described above in terms of n d and n p . The results are shown in Fig. 5 where we plot the Cu hole content vs. twice the oxygen hole content. The data points for hole-doped (open symbols) and electrondoped (full symbols) are widely spread and show quite different distributions of the doped charges, as evidenced by the dashed grey arrows indicating the changes with doping, for the different families. Nonetheless, we find for all families a good agreement for the parent compounds with zero doping (thick solid gray line, n d + 2n p = 1). Also, data points corresponding to optimal doping (blue symbols) for the different families are near 15% hole or electron-doping (thin solid blue lines, n d + 2n p = 1 + 0.15 and 1-0.15). In particular for those HTSCs where no parent data are available and the doping (x) is not readily extracted from the stoichiometry, this accordance, again, supports the validity of our approach.
The materials with maximum T c are found for low n d and large n p , and in which hole doping increases n p even further. Electron doping decreases predominantly n d and leaves a high n p unchanged. It appears that doping these T'-structure systems with holes might promise a high T c , as well. This trend that has the materials with higher T c further to the lower right in Fig. 5 correlates with band structure calculations and an increase of the apical oxygen distance from Cu, although a deeper understanding is lacking, [26] (note that Cu 4s charges would not contribute to the EFG).
To conclude, we have presented new 63 Cu and the first 17 O NMR data on single crystals of electron doped cuprates. An analysis of these new data in conjunction with available literature data confirms that the experimentally determined quadrupole splittings measure the hole content n d and n p of the 3d(x 2 − y 2 ) and 2p σ bonding orbitals, respectively. In the parent materials, where n d + 2n p = 1, we find that n d and n p vary for different systems and that those systems favor a high T c,max that have a rather low n d , but large n p . Doping additional holes increases predominantly n p , but also n d , while doping with electrons predominantly decreases n d and only slightly n p . For the two electron doped systems investigated, the hole content n p of planar oxygen remains suprisingly large. This suggests that a hole doping might lead to rather high T c,max , as well.
